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[57] ABSTRACT 

This invention is a semi-interpenetrating polymer net- 
work which includes a high performance thermosetting 
polyimide having a nadic end group acting as a cross- 
linking site and a high performance linear thermoplastic 
polyimide having the following repeating unit: 



Provided is an improved high temperature matrix resin 
which is capable of performing at 316° C. in air for 
several hundreds of hours. This resin has significantly 
improved toughness and microcracking resistance, ex- 
cellent processability and mechanical performance, and 
cost effectiveness. 

18 Claims, 1 Drawing Sheet 
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ADDITION TYPE 

THERMOSETTING POLYIMIDE 

• EASY TO PROCESS 

• BRITTLE 



CONDENSATION TYPE 

THERMOPLASTIC POLYIMIDE 

• DIFFICULT TO PROCESS 

• TOUGH 



SEMI-IPN 

• EASY TO PROCESS 
. • TOUGH 
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SEMI-INTERPENETRATING POLYMER 
NETWORK FOR TOUGHER AND MORE 
MICROCRACKING RESISTANT HIGH 

TEMPERATURE POLYMERS 5 

ORIGIN OF THE INVENTION 

The invention described herein was made by an em- 
ployee of the United States Government and may be 
manufactured and used by or for the Government for 
governmental purposes without the payment of any 
royalties thereon or therefor. 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 1j 

The present invention relates generally to high tem- 
perature polymers. It relates particularly to a semi-inter- 
penetrating polymer network approach to the obtain- 
ment of tougher and more microcracking resistant high 
temperature polymers. 

2. Description of the Related Art 

For some time, there has been an active search for an 
improved high temperature matrix resin capable of 
performing at 3 1 6 C C. in air for several hundreds of 
hours. Some of the desired properties for this improved 
material are significantly improved toughness and mi- 
crocracking resistance, excellent processing capability 
and mechanical performance, and cost effectiveness. 

To develop such an improved material, the approach 
used in early studies concentrated on the synthesis of 
flexibilized PMR polyimides. in which flexibilizing link- 
ing groups, such as ether and/or hexafluoroisopropyli- 
dene groups, were incorporated into the PMR polymer 
chain. (A PMR polyimide contains a nadic end group 35 
acting as a crosslinking site, and is processed by the 
polymerization of monomer reactant (PMR) process as 
set forth in U.S. Pat. No. 3,745,149). Vannucci and 
Bowles (R. D. Vannucci and K. J. Bowles, Proceedings 
of the 17th Nat. SAMPE Technical Conference, 17 352 40 
(1985)) reported a small increase (35 percent) in com- 
posite impact energy for the flexibilized PMR-polvi- 
mide compared to a PMR polyimide designated PMR- 
15. (See infra for details concerning the synthesis of 
PMR-15.) This improvement in toughness, however, 45 
was achieved with a compromise in lowering the glass 
transition temperature. Similar findings were also re- 
ported by Delvigs (P. Delvigs, Polymer Composites, 
7(2), 101 (1986). These results show clearly that such an 
approach is not effective in providing adequate tough- 50 
ness for the improved material. 

St. Clair et al (U.S. Pat. No. 4,695,610) and others 
have synthesized semi-interpenetrating network (semi- 
IPN) polyimides from easy-to-process, but brittle ther- 
mosetting polyimides and tough, but difficult-to-process 55 
thermoplastic polyimides. However, none of these prior 
art products have the desired combination of properties 
set forth hereinabove. 

SUMMARY OF THE INVENTION ^ 

It is accordingly a primary object of the present in- 
vention to provide what the prior art has been unable to 
provide — viz., an improved high temperature matrix 
resin capable of performing at 316° C. in air for several 
hundreds of hours, the resin having significantly im- 65 
proved toughness and microcracking resistance, excel- 
lent processability and mechanical performance, and 
cost effectiveness. 


2 

This primary object and other objects and benefits 
are achieved by the provision of a semi-interpenetrating 
polymer network comprising a high performance ther- 
mosetting polyimide having a nadic end group acting as 
a crosslinking site, and a high performance linear ther- 
moplastic polyimide having the following repeating 
unit: 



Especially beneficial results are obtained when the 
high performance linear thermoplastic polyimide com- 
prises a mixture of the following compounds: 
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wherein Rj is a tri valent aryl radical and R 2 is hydrogen 
or alkyl; and 


H 2 n_r 3 — nh 2 . 


( 2 ) 


wherein R 3 is a divalent aryl radical. 

Excellent results are achieved when the high perfor- 
mance linear thermoplastic polyimide comprises a mix- 
ture of the following compounds: 
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especially when compound (a) is present in a stoichio- 
metric quantity, and the molar ratio of compound (b): 
compound (c) is about 95:5. 

A number of additional, especially-preferred embodi- 
ments are found in the following Detailed Description 
of the Invention. 



5,098,961 


3 

BRIEF DESCRIPTION OF THE DRAWING 

The single FIGURE is a schematic depiction of a 
semi-IPN synthesis. 

DESCRIPTION OF THE PREFERRED 
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(hereafter Dupont). The polyimide precursor solutions 
in ethanol solvent under the trademarks NR-150B2 S2X 
to NR-150B2 S2X10 are also obtained from DuPont. 
The NR-150B2 polyimide can also be prepared as set 
forth in U.S. Pat. No. 3,959,350, according to the fol- 
lowing reaction: 



6FTA [4.4'-{hexafluoroisopropy3idene>diphthalictetracarboxylic acid] PPD (1,4-phenvlenediamine) MPD (1,3-phenyIenediamine) 


A 

V 



NR-150B2 Polyimide 


EMBODIMENTS 

The concept of the high performance semi-IPN syn- 
thesis is show n in FIG 1. One or more easy-to-process. 
but brittle thermosetting polyimides are combined with 
one or more tough, but difficult-to-process linear ther- 
moplastic polyimides to form a semi-IPN polyimide 
having a combination of several desirable properties, 
including easy processability, damage tolerance, good 
mechanical performance and good thermo-oxidative 
stability. In the present invention, the combination of 
desired properties is achieved by controlling factors 
which include (1) careful selection of constituent poly- 
mer components. (2) composition variation of the con- 
stituent materials, (3) processing parameters and (4) 
thermodynamic and chemical kinetics variables to con- 
trol the phase morphology and phase stability. Each of 
these factors is discussed in detail in the following para- 
graphs. 

The selection of the constituent thermosetting and 
thermoplastic polyimides is based primarily on their 
processing and property compatibility. The processing 
parameters considered of particular importance are 
solubility in a common organic solvent and compatible 
cure cycle. Further, these polymers must have compa- 
rable glass transition temperature (±50° C.), mechani- 
cal performance and thermo-oxidative stability. 

The semi-IPN of this invention comprises a PMR 
polyimide, which contains a nadic end group acting as 
a crosslinking site and is prepared by the polymerization 
of monomer reactant (the (PMR) process as set forth in 
U.S. Pat. No. 3,745,149 and an NR-150B2 polyimide. 
The NR-150B2 polyimide precursor solution in N- 
methylpyrrolidone (NMP)/ethanol solvent mixture is 
obtained from E. I. Dupont De Demours and Company 


The linear thermoplastic polyimide prepared from 
6FTA and an aromatic diamine or a diamine mixture 
comprising two or more aromatic diamines according 
to the following reaction equation are applicable for this 

_ invention: 

40 
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60 

wherein R is a divalent aryl radical. 

Several nadic end-capped PMR polyimides are con- 
sidered compatible with NR-150B2 polyimide and, 
therefore, can be used in this invention. These include 
65 (1) the polyimide of U.S. Pat. No. 3,745,149, particu- 
larly preferred being the polyimide commonly known 
as PMR- 15 w'hich is synthesized according to the fol- 
lowing reaction equation: 
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jo (6) the polyimide made from monomers having the 
following formulas: 
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PE (monomethyl ester of phthalic carboxylic acid) 

(4) the polyimide made from monomers having the 
following formulas: 
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(dimethylester of 1,2.4.5-bezenetetracarboxylic acid) 

and (7) the polyimide of U.S. Pat. No. 4,166,170 and 
U.S. Pat. No. 4,233,258, particularly preferred being the 
polyimide made from monomers having the following 
formulas: 



6 FDE [dimethyl ester of 4.4'*(hexafluoroisopropylidene)diphthalic 
tetracarboxylic acid] 

50 

(5) the polyimide made from monomers having the 
following formulas: 
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JEFFAMINE 

(a mixture of aromatic amines composed 
primarily of 4,4'-methylenedianiline) 
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BTDE 

The composition of the constitutent thermosetting 
65 and thermoplastic polyimides significantly affects many 
aspects of the processing, properties and morphology of 
the semi-IPN. It has been found that increasing the 
concentration of the thermoset component increases the 
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processability and performance of the semi-IPN, but at 
a cost of decreasing toughness characteristics. While 
the weight ratio of the PMR polyimide to NR-150B2 
can be varied from 95:5 to 5:95, the ratio between 80:20 
to 20:80 is preferred. However, the ratio of 80:20 is 5 
particularly preferred because this composition offers 
the best overall balance of processing, performance and 
cost effectiveness. 

The synthesis of the present semi-IPN can proceed in 
two major ways: simultaneous and sequential. In the 10 
former, the uncrosslinked PMR prepolymers are com- 
bined with the monomer precursors of the NR-150B2. 
With application of heat, the PMR prepolymers are 
allowed to crosslink in the immediate presence of the 
NR-150B2 polyimide undergoing simultaneous linear 15 
chain extension. This synthesis can lead to a network in 
which one polymer interlocks with the other prepoly- 
mer, forming permanent entanglements at the interfa- 
cial regions of the two polymer systems. The resulting 
ph vsical crosslinking provides synergistic properties. 20 
This synthesis is designed so that the constituent poly- 
mers are formed independently without any chemical 
interference between the precursors of the thermoset- 
ting and thermoplastic polyimides. The sequential 
method involves a process in which one polymer is 25 
synthesized and/or crosslinked in the immediate pres- 
ence of the other w'hich has been prepolymerized. 
There are two sequential semi-IPNs: semi-l-IPN and 
semi-2-IPN. The former is prepared by polymerizing a 
linear polymer in a crosslinked network. The reverse 30 
sequence results in a semi-2-IPN. In this invention, the 
simultaneous method is preferred, because it offers eas- 


10 

ier processing, better performance and less phase sepa- 
ration, as compared with the sequential approach. 
There is yet another synthetic method which is non- 
conventional. This method involves mixing the mono- 
mers of the thermosetting component with the mono- 
mers of the thermoplastic component and allowing the 
monomers to react randomly to form a simultaneous 
semi-IPN. The inter-reaction between monomers of the 
thermoset and thermoplastic occurs, which results in a 
semi-IPN significantly different in chemical structure 
and properties from those prepared by the previous 
methods. 

The physically crosslinked semi-IPNs prepared by 
the simultaneous, sequential, or unconventional meth- 
ods all exhibit phase separation as shown by the appear- 
ance of multiple glass transition temperatures. In order 
to obtain better control of the phase morphology and 
phase stability, and still obtain the desired properties of 
toughness, high glass transition temperature, and micro- 
cracking resistance, a new graft copolymer has been 
formed using the thermoplastic and thermoset polyi- 
mides that form the semi-IPNs of the present invention. 
To make this graft copolymer 0.1 to 5 weight percent of 
NE is added into the NR-150B2 monomer precursors. 
To this mixture, the uncrosslinked PMR prepolymers 
are added. As a result, the NR-150B2 is now lightly 
endcapped W'ith a nadic group to form a nadic end- 
capped NR-150B2 polyimide. Through the common 
nadic end group, the nadic end-capped NR-150B2 is 
then crosslinked with the PMR polyimide to give a 
graft copolymer upon heating. This reaction is showm 
below. 
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wherein ni = 20 to 55 and n2 = 2.087, 

and wherein X:Y = 80:20 to 20:80. 

Because of chemical bonding between the constituent 
polymers, the resultant graft copolymer exhibits less 
phase separation and better long term phase stability, as 25 
compared with the physically crosslinked semi-IPNs 
prepared by the previous methods. 

The semi-IPN polyimide of this invention is adapted 
for use as a composite matrix, and as an adhesive and 
molding compound suitable for aerospace and aircraft ^ 
engine structural applications in the 288 6 C. to 316“ C. 
temperature range. 

The following are examples that illustrate prepara- 
tion and use of the semi-IPNs for applications in ad- 
vanced composites, structural adhesives and molding ^ 
articles. However, it is to be understood that the exam- 
ples are merely illustrative and intended to enable those 
skilled in the art to practice the invention in all of the 
embodiments flowing therefrom and do not in any way , 
limit the scope of the invention as defined in the claims. ^ 

EXAMPLES 
Example 1 

To 51.949 g of a 50 weight percent methanol solution 
of dimethyl ester of 3,3',4.4'-benzophenonetetracar- 45 
boxylic acid (BTDE) (25.9 g, 0.0673 mole) was added 
19.72 g (0.0996 mole) of 4,4'-methylenedianiline 
(MDA), 12.6 g (0.0645 mole) of monomethyl ester of 
5-norbornene-2,3-dicarboxylic acid (NE) and 32.5 g of 
anhydrous methanol. The mixture was stirred at room 50 
temperature for one-half hour to give a 50 weight per- 
cent PMR-15 monomer solution. The solution was con- 
centrated at 80 e C. in a nitrogen atmosphere for two 
hours, followed by drying at 100° C. in air for two 
hours, and then staging at 150 c C. in air for one and 55 
one-half hours to yield a brown PMR-15 molding pow- 
der. The PMR-15 molding powder was soluble in NMP 
(N-methylpvrrolidone) and dimethylformamide 
(DMF). Its DSC (differential scanning calorimetry) 
scan showed one endotherm at about 221° C., which is 60 
due to the melt-flow of PMR-15 molding pow'der. This 
molding powder was subsequently used for the prepara- 
tion of semi-IPN molding compound LaRC-RP-40 as 
described below. 

A solution of 14.8480 g of the PMR-15 molding pow i - 65 
der prepared above in 40.1229 g of freshly distilled 
NMP was added dropw’ise to 6.8704 g of a commercial 
NR-150B2 monomer precursor solution in NMP/e- 


thanol having a 54 percent solid content. This yielded a 
30 weight percent solution in which the PMR-15 mold- 
ing powder and the NR-150B2 monomer precursors 
were present in 80 and 20 weight percent, respectively. 

To prepare a molding compound, the solution was 
poured into cold distilled water (1 to 5 volume ratio). 
This resulted in the precipitation of a gray solid. The 
gray solid material was then filtered, dried at 100 c C. in 
air for two hours, and staged at 220° C. in air for one 
hour to afford the LaRC-RP40 molding pow'der. To see 
if interreaction occurred, the LaRC-RP40 molding 
powder was analyzed by DSC. The scan showed endo- 
therms at about 220° C. and 257° C., corresponding to 
the PMR-15 imide prepolymer and the NR-150B2 imide 
oligomer, respectively. These peaks were also observed 
in the DSC scans of the PMR-15 imide prepolymer 
mentioned previously and NR-150B2 molding powder 
staged at 250° C. in air for one hour. The absence of any 
additional peaks in the DSC scan of LaRC-RP40 sug- 
gests that no interreaction between the PMR-15 and 
Nr-150B2 reactants occurs during the preparation of 
LaRC-RP40 molding powder. 

The LaRC-RP40 molding pow-der (14.59 grams) was 
then placed in a cold matched metal die. This was then 
inserted into a press preheated to 316° C. A thermo- 
couple was attached to the die to determine the thermal 
history. w r hen the die temperature reached 232° C., 2000 
psi pressure w r as applied. The temperature was raised to 
316° C. at a rate of 4 6 C./minute. The neat resin was 
cured at 316° C. in air under 2000 psi pressure for one 
hour and 350° C. for an additional one-half-hour under 
the same pressure and removed from the press when the 
die temperature reached 177“ C. This afforded a neat 
resin having dimensions of 3.2 cm by 3.2 cm by 1.0 cm. 
The optical microscopic examination of the cross-sec- 
tion of the neat resin showed no detectable voids or 
defects. The resin was then accepted for impact tension 
specimen preparation without further post-curing. 
However, for other test specimen preparations, the 
cured resin was subjected to a post-curing at 316 P C. for 
16 hours in air. In order to compare properties, the neat 
resins of the constituent polymers, namely PMR-15 and 
NR-150B2, were also prepared following a procedure 
similar to the one described above for LaRC-RP40. 
Table 1 summarizes the neat resin properties of LaRC- 
RP40, and Table 2 compares LaRC-RP40 and PMR-15. 
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Neat Resin Propenies of LaRC-RP-40 

Physical Properties 


Te (glass transition temperature) 
CC.. Drv )° 

348 and 381 

Tg CC. Wet) 0 

349 and 38) 

Coefficient of thermal expansion 

43 at 75* C. 

()irr. m T )° 

43 at 220* C. 

Density (g/cc) 

1.41 

Equilibnum Moisture Absorption (9c) h 
Toughness 

1.0 

G/ r . (cntical energy release rate) J/m 2 
(in-ibs/in 2 ) r 

Thermooxidative Stability 

368 (2.1) 

Wt loss after 1000 hours isothermal aging 
at 316* C. in air (9c) 

6.0 

TGA (thermogravimetnc analysis) 
temperature at 5 9c wt. loss (*C.) 
Rheological Propenies 

463 

Molding powder minimum shear viscosity 
(poise) 0 

1.7 >: 10- at 240* C. 


•Determined by TMA (thermomechjmica! analysis) 

^Specimens immersed in water at room temperature for two weeks 
'Avenge of two determinations and calculated from K/ f (critical fracture tough- 
ness) using PMR-15 tensile modulus (RT) 5 0 • 10 5 psi 
ensured by RDS (rheometnc dynamic spectroscopy) 


TABLE 2 

Comparison of Properties Between LaRC-RP40 and PMR-15 
Neat Restn Property LaRC-RP40 PMR-15 

316 316 


Cure temperature (*C.) 

T g ccr 

Dry 

Wet 

G/ f . J/rrr (in-lbs/in 2 )*’ 

Wt. ioss after 1000 hours 
at 316* C. in air (9c) 

Equilibnum moisture absorption 
CC.) 

Composite Property 
Cure temperature CC.) 

Tg. CC.)° 

Dr\ 

Wet 

Equilibrium moisture absorption 

CC. 1 

Flexural strength. GPa (Ksi)'* 

Room temperature as fabricated 

316* C. as fabricated 

316 1 C. after 1500 thermal cycles* 

Flexural modulus. MPa (Msi)** 

Room temperature as fabneated 

316‘ C. as fabneated 

316* C. after 1500 thermal cycles' 1 

Interlaminar shear strength. 

GPa (Ksi)f 

Room temperature as fabricated 

316* C. as fabneated 

Shear Modulus (dyne/cm 2 / 

25* C. 

316' C. 

Wt. loss after 1000 hours at 
316* C. in air (%)* 

Microcracks after 1000 thermal 
cycles (cracks/inchV 


348 and 381 

339 

349 and 381 

340 . 

368 (2.1) 

87 (0.5) 

6.0 

8.0 

1.0 

1.6 

316 

316 

369 

342 

341 

325 

1.0 

1.3 

1840 (267) 

1846 (268) 

1199 (174) 

1096 (159) 

1303 (189) 

744 (108) 

152.3 (22.1) 

114.4 (16.6) 

139.2 (20.2) 

90.9 (13.2) 

82.7 (12.0) 

79.9 (11.6) 

97.8 (14.2) 

110.3 (16.0) 

47.5 (6.9) 

55.1 (8.0) 

8.8 E+ 10 

5.4 10 

5.5 E+10 

3.4 E* 10 

6.0 

5.0 

0 

58 


•Determine by TMA 

^Calculated from K/ f using PMR-15 tensile modulus (5.0 v 10 5 psi) 

'Specimens immersed in water at room temperature for two weeks 
^Average of three determinations 

'Thermal cycling temperature from - 156* C. to 288’ C . with a total time of 15 

minutes for each cycle 

-^Determine bv RDS 

f Average of five determinations 


wound onto a drum to form a 6.25 by 60 inch dry tape. 
As in Example 1, a 30 weight percent resin solution in 
NMP was prepared by mixing 23.7 g of the PMR-15 
molding pow’der, 10.9 g of the NR-150B2 precursor 
5 solution and 69.0 g of freshly distilled NMP. The result- 
ing clear dark browm solution was evenly applied using 
a brush to the dry fiber tape to give a prepreg. By visual 
inspection, the prepreg showed good drape and tack 
characteristics. The prepreg was dried on the rotating 
drum at room temperature for 16 hours, removed from 
the drum and cut into 7.6 cm by 17.8 cm plies. Twelve 
plies were stacked unidirectionally and then staged at 
204° C. for two hours in a air-circulating oven. The 
15 staged lay-up was placed in a cold matched metal die. 
This was then inserted into a preheated 316° C. press. A 
thermocouple was attached to the matched die to deter- 
mine the temperature. When the die temperature 
reached 232° C, 1000 psi pressure w>as applied. The 
20 temperature was raised to 316° C. at a rate of 6° C. /mi- 
nute. The composite was cured at 316° C. for one hour, 
and then at 350° C. for one-half hour in air under 1000 
psi pressure. When the die temperature cooled to 177° 
C., the composite w'as removed from the press. It was 
25 then postcured at 316° C. in air for 16 hours. The ultra- 
sonic c-scan of the composite showed no detectable 
voids or defects, and the composite was accepted for 
test specimen preparation. For comparison purposes, a 
3 Q Celion 6000/PMR-15 composite was also fabricated 
using the same cure cycle, except that 500 psi pressure, 
instead of 1000 psi pressure, was used and the 350° C. 
curing step was omitted. 

Table 3 shows the physical and mechanical properties 
35 of Celion 6000/LaRC-RP40. (A comparison of the 
composite properties of PMR-15 and LaRC-RP40 is 
highlighted in Table 2.) 

TABLE 3 


40 


45 


50 


55 


60 


Composite Properties of Celion 6000/LaRC-RP40 
Physical Properties 
Tg TO 

Dry 369 

Wet 341 

Coefficient of thermal expansion 18 at 75' C. 

(p.m/m *C.)° 16 at 225* C. 

Density (g/cc) 1.55 

Equilibnum Moisture Absorption ( 9c) b 1.0 

Mechanical Properties 
Flexural strength. GPA (Ksi) f 

Room temperature as fabneated 1840 (267) 

316* C. as fabneated 1199 (174) 

316* C. after 1500 thermal cycles'* 1303 (189) 

Flexural modulus. MPa (Msi) f 

Room temperature as fabricated 152.3 (22.1) 

316* C. as fabneated 139.2 (20.2) 

316* C. after 1500 thermal cycles'* 82.7 (12.0) 

Interlaminar shear strength. MPa (Ksi) c 
Room temperature as fabricated 97.8 (14.2) 

316* C. as fabricated 47.5(6.9) 

Shear modulus (G') (dyne/cm 2 )' 1 
25* C. 8.8 E+ 10 

316* C. 5.5E+10 

400* C. 3.3E+10 

Thermooxidative Stability 


Example 2 

For advanced composite applications, approximately 
44.0 g of unsized Celion 6000 graphite fibers were 


Wt. loss after 1000 hours isothermal aging 6 
at 316° C. in air (%) 

Thermal Cycling Propenies 
Microcracks (cracks/inch) 

after 1000 thermal cycles'* 0 
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Composite Properties of Celion 6000/LaRC-RP40 
after 1500 thermal cycles^ 1 

"Determined by TMA 

Specimens immersed m water at room temperature for two weeks 
'Average of three deicrminalioro 

‘’Thermal Cvcltng temperature from — 156' C to 288* C 
^Measured by RDS 


Example 3 

Following the procedure of Example 1, a PMR-P1 
molding powder was prepared from a composition con- 
sisting of 11.81 g (0.031 mole) of BTDE, 8.96 g (0.045 
mole) of MDA, 5.75 g (0.029 mole) of NE and 0.23 g 
(0.0009 mole) of N-phenylnadimide (PN). The PMR-P1 
composition was formulated by adding a small quantity 
of PN into the standard PMR-15 composition. The 
addition of such a small quantity of PN significantly 
enhanced the resin flow properties of PMR-15. Thus, 
the PMR-P1 formulation is prepared, when the process- 
ing requires an improved flow resin matrix. A semi-IPN 
resin disc designated LaRC-RP30 was prepared from a 
mixture consisting of PMR-P 1 and NR- 1 50B2 in 80 and 
20 weight percent, respectively. The resulting resin disc 
showed no voids, and had a density of 1.39 g/cc. 

Example 4 

Following the procedure of Example 1. another im- 
proved flow thermosetting molding powder was pre- 
pared from a composition comprising 25.9 g (0.0673 
mole) of BTDE, 19.7 g (0.0996 mole) of MDA, 12.6 g 
(0.0645 mole) of NE and 6.5 g (0.0361 mole) of mono- 
methyl ester of phthalic acid. The molding powder 
exhibited improved flow properties when compared 
with the PMR-15 molding powder described in Exam- 
ple 1. The semi-IPN neat resin prepared from this im- 
proved flow molding powder and NR-150B2 in 80 and 
20 weight percent, respectively, showed somewhat 
lower Tgs, when compared with LaRC-RP40 (Tgs of 
312 c C. and 326° ,as compared with 348° C. and 38 T 
C.). Similarly, its composite reinforced with Celion 
6000 graphite fibers and prepared as in Example 2 ex- 
hibited lower elevated temperature mechanical proper- 
ties, as compared with the LaRC-RP40 counterpart. 
The room temperature and 316° C. interlaminar shear 
strengths were 13.9 and 8.3 Ksi, respectively. The room 
temperature and 316° C. flexural strengths and modulus 
were 233 and .94.5 Ksi and 16.0 and 8.2 Msi, respec- 
tively. 

Example 5 . 

To study the relationships between processing and 
property, an advanced composite of LaRC-RP40 was 
prepared using five different sets of processing condi- 
tions. Process I has been described in Example 2. Pro- 
cesses II to V are described as follows: 

Process II: 76.6 g of a PMR-15 monomer reactant 
mixture was dissolved in 76.6 g of methanol to give a 50 
weight percent PMR-15 monomer solution. To this 
solution was added in one portion 31.35 g of NR-150B2 
monomer precursor solution in ethanol (sold by Du- 
Pont under the trademark Avimid NSx 6), which had 
a 61.1 percent solid content. The mixture was very 
viscous and difficult to stir using a stirring bar. There- 
fore, it was diluted with 29 g of methanol to give a 45 
weight percent resin solution. As in Example 2, the 
resin solution was impregnated into graphite fibers. 
Unlike Example 2, which used unsized Celion 6000 
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graphite fibers, the fibers used here were unsized AS-4 
graphite fibers. The prepreg exhibited excellent tack 
and drape characteristics. To improve the resin flow, 
5 the prepreg was B-staged at 204 c C. for only one hour, 
instead of the two hours used in Example 2. The com- 
posite was cured and then postcured following the same 
cure cycle as that given in Example 2. 

Process III: A 50 weight percent PMR-15 monomer 
solution was first applied to AS-4 graphite fibers to 
yield a prepreg containing 36 weight percent resin. The 
prepreg was staged at 204° C. for one hour. To the dried 
prepreg, the commercial Avimid N precoursor solution 
15 diluted with methanol to give a resin solution contain- 
ing 20 weight percent solids was applied using a brush. 
The amount of the Avimid N resin was calculated to 
give an overall 45 weight percent resin content in the 
20 dried prepreg. After application of the Avimid N resin 
solution, the prepreg was dried further at 204° C. for 
one hour in air. The composite was processed as in 
Example 2. 

25 Process IV: A 30 weight percent solution of Avimid 
N solution diluted with methanol was first applied to 
AS-4 graphite fibers to form a prepreg tape having a 
22.5 weight percent resin content. The prepreg was 
dried at 204° C. for one hour in air and then impreg- 
nated with the same amount of a 30 weight percent 
PMR-15 monomer solution in methanol. The prepreg 
was further dried at 204 c C. in air for one hour. As in 
Example 2, the composite was cured and postcured. 

35 Process V: A prepreg was prepared following essen- 
tially the same procedure as that in Example 2. How- 
ever, the prepreg was cured for one hour at 316° C. 
under 600 psi pressure, without further curing at 350 c C. 
40 for one-half hour as was the case in Example 2. The 
composite was postcured at 316° C. for 16 hours. 

The following Table 4 illustrates the effects of pro- 
cessing conditions on composite properties: 

45 TABLE 4 


Composite Property 

Process I 

Process II 

C-Scan 

Good 

Excellent 

Tg. *C. 

369 

298 

Flexural Strength, Ksi 



25* C. 

267 

240 

316* C. 

174 

95 

Flexural Modulus. Msi 



25* C. 

22.1 

13.0 

316* C. 

20.2 

9.6 

Shear Strength, Ksi 



25* C. 

14.2 

12.7 

316* C. 

6.9 

6.8 
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What is claimed as new and desired to be secured by 

Letters Patent of the United States is: 

1. A semi-interpenetrating polymer network compris- 

ing a high performance thermosetting polyimide having 
65 

a nadic end group acting as a crosslinking site, and a 
high performance linear thermoplastic polyimide hav- 
ing the following repeating unit: 
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10 


2. The semi-interpenetrating polymer network of 
claim 1, wherein the high performance linear thermo- 
plastic polyimide comprises a mixture of the following 
compounds: 


o 



C— OR: 


wherein R 2 is hydrogen or alkyl: 


C“OR- 

II 

O 



R->0 — C C — OR-> 

\ / 

R 4 , wherein R 2 is hydrogen or alkyl, 

/ \ and R 4 is a tetravalent aryl 

R 2 O — C C-OR: radical 1 

II II 

O O 


0 

O 

II 

II 

r 2 o— c 

\ 

CFi C — OR 2 

l * / 

Ri 

c2 

1 

u 

1 

/ 

1 \ 

R-»0 — C 

CFi C— OR- 

II 

II 

O 

O 


and 

H2N— R3— NH2, wherein R3 is a divalent aryl radi- 
cal. 

20 6. The semi-interpenetrating polymer network of 

claim 1, wherein the thermosetting polyimide comprises 
a mixture of the following compounds: 


25 

wherein R) is a tri valent aryl radical and R: is hydrogen 
or alkyl: and 


2 HN-R ? -NH 2 . 

and wherein R3 is a divalent aryl radical. 


30 


O 

II 


C — OH 



3. The semi-interpenetrating polymer network of 
claim 1. wherein the high performance linear thermo- 
plastic polyimide comprises a mixture of the following 35 
compounds: 






h 2 n 


(b) 


50 


(c) 


55 


4 . The semi -interpenetrating polymer network of 


60 


in the molar ratio of 2:n:n+l , wherein n has a value 
from 1 to 50. 

7. The semi-interpenetrating polymer network of 
claim 6, wherein n = 2.087. 

8. The semi-interpenetrating polymer network of 
claim 6, wherein the mixture additionally comprises a 
compound of the formula 


O 

II 



II 


o 


claim 3, wherein compound (a) is present in a stiochiom- 
etric quantity, and the molar ratio of compound (b): 
compound (c) is about 95:5. 

5 . The semi-interpenetrating polymer network of 
claim 1, wherein the thermosetting polyimide comprises 
a mixture of the following compounds: 


which is present in an amount of about 0.3 to about 10 
percent by weight of the total composition. 

9 . The semi-interpenetrating polymer network of 
claim 8, wherein n = 2.087. 

10 . The semi-interpenetrating polymer network of 
claim 1, wherein the thermosetting polyimide comprises 
a mixture of the following compounds: 
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cc 


O 

li 

C— OMc 
C — OH 

II 

o 


o 

II 

MeO — C 
HO — C 




o 

II 

C— OMe 
C— OH 


and 


H . N Xr ^ NHJ 


CF 3 


which are present in a molar ratio of 2:2.087:3.087, and 
a compound of the formula 


O 

II 



o 


which is present in an amount of about 1 to about 15 
percent by weight of the total composition. 

11 . The semi-interpenetrating polymer network of 
claim 1, wherein the thermosetting polyimide comprises 
a mixture of the following compounds 



w f hich are present in a molar ratio of 2:n:n + 1, wherein 
n has a value of from 1 to 50. 

14 . The semi-interpenetrating polymer network of 
claim 13 , wherein n has a value of from 5 to 10. 

15 . The semi-interpenetrating polymer network of 
claim 1, wherein the thermosetting polyimide comprises 
a mixture of the following compounds: 


Or 


c— OMe, 
C— OH 


H*>N 


and 


M W XL 

, C NH: 


CF 3 


o o 

II II 

— MeO — C ^ C — OMe — 

XT 

— HO — C C — OH — 


which are present in the molar ratio 2:n-f l:n, wherein n 
has a value of from 1 to 50. 

16 . The semi-interpenetrating polymer network of 
claim 15 , wherein n has a value of from 5 to 10. 

17 , The semi-interpenetrating polymer network of 
claim 1, wherein the thermosetting polyimide comprises 
a mixture of the following compounds: 


which are present in a molar ratio of 2:n+ l:n, wherein 
n has a value of from 1 to 50. 

12 . The semi-interpenetrating polymer network of 
claim 11 , w'herein n has a value from 5 to 10. 

13 . The semi-interpenetrating polymer network of 

claim 1, wherein the thermosetting polyimide comprises O 

a mixture of the following compounds: 
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■continued 


o 


-continued 

5 




o o 


which are present in the molar ratio of 2:n:n-f-l, 
wherein n has a value from 1 to 50. 

18. The semi-interpenetrating polymer network of 
claim 1, wherein the high performance thermosetting 
polyimide and the high performance linear thermoplas- 
15 tic polyimide are present in a weight ratio between 

about 80:20 and 20:80. 

***** 
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